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Coarse-grained lattie model for investigating the role of ooperativity in moleular
reognition
Hans Behringer, Andreas Degenhard, Friederike Shmid
Fakultät für Physik, Universität Bielefeld, D  33615 Bielefeld, Germany
Equilibrium aspets of moleular reognition of rigid biomoleules are investigated using oarse-
grained lattie models. The analysis is arried out in two stages. First an ensemble of probe
moleules is designed with respet to the target biomoleule. The reognition ability of the probe
ensemble is then investigated by alulating the free energy of assoiation. The inuene of ooper-
ative and anti-ooperative eets aompanying the assoiation of the target and probe moleules is
studied. Numerial ndings are presented and ompared to analytial results whih an be obtained
in the limit of dominating ooperativity and in the mean-eld formulation of the models.
PACS numbers: 87.15.-v, 87.15.Aa, 89.20.-a
I. INTRODUCTION
Moleular reognition is the ability of a biomoleule to
interat preferentially with a partiular target moleule
among a vast variety of dierent but almost identially
looking rival moleules. Examples of spei reognition
proesses omprise enzyme-substrate binding, antibody-
antigen binding, protein-reeptor interations or ell-
mediated reognition [1, 2℄. Moleular reognition is es-
sential for biologial systems suh as the immune system
to work eiently. Whereas maromoleules are held to-
gether by ovalent bonds the reognition proess is gov-
erned by spei non-ovalent interations suh as ioni
binding, the van der Waals interation, the formation
of hydrogen bonds and hydrophobiity [3℄. In an aque-
ous environment those non-ovalent bonds ontribute an
energy of the order of 1-2 kal/mole with the relatively
strong hydrogen bonds sometimes ontributing up to 8-
10 kal/mole [4℄. The non-ovalent bonds are thus only
slightly stronger than the thermal energy k
B
T
room
≃ 0.62
kal/mole at physiologial onditions and therefore the
speiity of biomoleule reognition is only ahieved if
a large number of funtional groups of the two moleules
to reognise eah other preisely math and thus a large
number of non-ovalent bonds an be formed [5℄. The
binding sites of the two moleules are said to be om-
plementary to eah other. This view of moleular reog-
nition for inexible maromoleules is sometimes alled
lok-and-key mehanism [6℄. However there are notable
reognition proesses that involve exible biomoleules
[7℄. The mathing of a large number of funtional groups
is then ahieved by a onformational hange giving rise
to large entropi ontributions (so-alled indued t
sheme) [8℄. In addition to short-range interations en-
suring the stability of the omplex for a suiently large
time long-range eletrostati interations are believed to
pre-orient the biomoleules so that the probability of
the ontat of the omplementary pathes on the two
moleules upon ollision is inreased [9, 10℄.
An understanding of the priniples of reognition pro-
esses between biomoleules is not only important from
a sienti point of view but also for biotehnologial
and biomedial appliations. The knowledge of these
priniples is a neessary input for the design of syn-
theti heteropolymers with moleular reognition ability
so that they an interat with a biologial environment,
i.e. biomoleules, ells and tissues, in a programmable
way (see e.g. the review by [7℄).
In reent years muh eort has been spent to investi-
gate the strutural basis for the reognition of two rigid
proteins [2, 9, 11, 12, 13, 14℄. In partiular the reogni-
tion sites of the two proteins in ontat have been anal-
ysed. The reognition site on a protein basially onsists
of the residues, i. e. amino aids, whih interat with
residues of the other proteins. It is found to be made up
of largely hydrophobi residues so that its hydrophobi-
ity is omparable with that of the interior of the protein.
For the development of idealised oarse-grained models it
is therefore assumed that hydrophobiity plays a major
role in reognition proesses. Consequently the residue
interations in the idealised models investigated in this
artile are assumed to be purely of hydrophobi nature.
The investigation of the underlying mehanisms of
moleular reognition proesses from a physial point of
view has reently gained growing interest. In partiu-
lar the question of the speiity of reognition proesses
has been addressed by methods of statistial mehanis
[15, 16, 18, 19, 20, 21, 22, 23, 24, 25, 26℄. Nevertheless,
the view of speiity, whih is basially the ourrene
of a preferential binding of the reognition agents in the
presene of a diversity of rival moleules, remains yet in-
omplete (the introdutory remarks in [27℄ about the di-
versity of denitions of speiity found in the literature
still apply).
In this artile we develop oarse-grained lattie models
for the investigation of the priniples of moleular reog-
nition proesses. Our approah, whih is desribed in
setion II, onsists of two stages: In a rst step a design
of probe moleules is arried out. This step mimis the
design in biotehnologial appliations or the evolution in
nature. In a seond step the reognition ability is alu-
lated by onsidering the free energy of assoiation of the
probe moleules with the target and a struturally dier-
ent rival moleule. This general approah is illustrated
2for a modied hydrophobi-polar (HP) model in setion
III. In setion IV the modied HP model is extended
to take ooperative eets on a residue-spei level into
aount. The resulting model is investigated in its mean-
eld formulation and in the limiting ase of dominant
ooperativity whih an be takled analytially. In ad-
dition the model is investigated numerially for the ase
where the ontributions of the diret residue-residue in-
terations and the indiret ooperative interations are
of same order. The ndings are ompared to the limiting
ase of dominating ooperativity and to the mean eld
ndings. In setion V another possible way to inorpo-
rate ooperative eets is analysed. The artile loses
with a onlusion and an outlook (setion VI). Among
other ndings some of the numerial results have been
published reently in a separate Letter [28℄.
II. GENERAL APPROACH
In this artile we study oarse-grained models for the
reognition of two rigid proteins. Under physiologial
onditions the omplex of the proteins is stabilised by
non-ovalent interations aross its interfae. The bind-
ing of the proteins is aompanied by a derease of en-
tropy due to immobilising translational, rotational and
onformational degrees of freedom. The gain in energy
on forming the omplex has thus to be strong enough to
overome these entropi osts. In our model the proteins
are onsidered to be rigid so that onformational hanges
of the bakbone of the proteins need not be taken into
aount. This assumption is fullled for a large variety
of real protein-protein assoiations, however, even for the
assoiation of two rigid proteins minor rearrangements of
the side hains of the amino aids will our (e. g. [11℄).
The energetis at the ontat interfae of the om-
plex an be formulated in a oarse-grained way where
oarse-graining is adopted for both the strutural prop-
erties of the reognition sites of the involved biomoleules
and for the interation between two residues [28℄. Con-
sider a reognition site of N residues on both proteins.
For simpliity it is assumed that the two reognition sites
ontain the same number of residues and that preisely
two residues math respetively in the interfae. Notie
that a reognition site found in natural protein-protein
omplexes ontains typially of the order of 30 residues
[9, 13℄. The hemial struture of the reognition site
of the protein to be reognised, whih is alled target
moleule in the following, is haraterised in a oarse-
grained approah by a disrete variable σ = (σ1, . . . , σN )
where the value of σi speies the type of the residue at
positions i, i = 1, . . . , N , on the reognition site. Simi-
larly, the types of the residues of the reognition site of
the other protein whih reognises the target are spei-
ed by a seond variable θ = (θi, . . . , θN). In the follow-
ing this seond biomoleule is alled probe moleule. On
a oarse-grained level, the interation of the funtional
groups aross the interfae is desribed by a Hamiltonian
H(σ, θ;S) where we inorporate an additional interation
variable S = (S1, . . . , SN ). The variable Si takes the
quality of the ontat of the residues of the two proteins
at position i into aount, where a good ontat leads to
a favourable ontribution to binding and a bad one only
to a small ontribution. A good ontat may imply, for
example, that the distane between the two residues is
small or the polar moments of residues are appropriately
aligned to eah other. A steri hindrane on the other
hand may result in a large distane between the residues
and onsequently one has a bad ontat. The variable
S therefore models eets that are related to minor re-
arrangements of the side-hains of the amino aids when
the two proteins form a omplex.
Along these general lines a rst model, namely a mod-
iation of the hydrophobi-polar (HP) model, an be
formulated. In the HP-model only two dierent types
of residues are distinguished, namely hydrophobi (H)
and polar (P), i. e. hydrophili, ones, so that the vari-
ables σ and θ speify the degree of hydrophobiity of the
residues. This restrition to the hydrophobi interation
is motivated by the observation that the hydrophobiity
is a major property that disriminates the reognition
site from other pathes on the surfae of a protein. Hy-
drophobi residues are desribed by the variable σi = +1
and polar residues by σi = −1. The Hamiltonian is then
given by
H
HP
(σ, θ;S) = −ε
N∑
i=1
1 + Si
2
σiθi (1)
where the sum extents over the N positions of the
residues of the reognition site and the interation on-
stant ε is positive. It is typially of the order of ε ≃ 1
kal/mole for hydrophobi interations [3℄. The produt
−εσiθi desribes the mutual interation of the residues
in ontat aross the interfae. The additional variable
Si an take on the values ±1. Thus for Si = +1 one
has a good ontat leading to a non-zero ontribution to
the total interation energy, for Si = −1, on the other
hand, one has a bad ontat and no energy ontribu-
tion. Notie that a good ontat not neessarily leads
to a favourable energy ontribution. Note also that the
original HP-model, whih has been introdued to study
the protein folding problem [29℄, does not ontain an ad-
ditional variable S to model the quality of the ontat.
The grouping of the 20 natural amino aids into lasses
of harateristi types is very important for the develop-
ment of minimal models for the study of protein inter-
ations. The redution to a hydrophobi and a polar
type and thus the use of an Ising-like model Hamiltonian
suh as (1) on a oarse-grained level is also justied by
the ndings in [30℄. In this work Li et al. applied an
eigenvalue deomposition to the Miyazawa-Jernigan ma-
trix of inter-residue ontat energies of amino aids. They
found that the interation matrix an be parameterised
by an Ising-like model where the spin variable an take
on dierent disrete values. As these values show a bi-
3modal distribution the reparameterisation basially re-
dues to the Ising model where the two possible values
of the spins desribe hydrophobi and polar residues.
Introduing the additional variable S for the rearrange-
ment of the amino aid side hains we end up with Hamil-
tonian (1). Suggested by experimental observations the
grouping of the amino aids into ve harateristi groups
is also widely disussed [31, 32℄. The redution in [32℄,
for example, uses a distane-based lustering applied to
the Miyazawa-Jernigan matrix. The resulting grouping
reprodues the statistial and kineti features of well-
designed sequenes in the protein-folding problem. The
grouping into ve dierent harateristi types in these
approahes points at possible extensions of our model for
the ontat interation. In this work, however, we restrit
ourselves only to hydrophi and polar residue types.
To study the reognition proess between the two
biomoleules we adopt a two-stage approah. First the
struture of the reognition site of the target moleule
is xed to a ertain sequene σ(0) = (σ
(0)
1 , . . . , σ
(0)
N ) of
residues. Then this struture is learned by the probe with
respet to some learning rules under onditions that are
speied by a parameter β
D
. This leads to an ensemble of
probe moleules of sequenes θ at their reognition sites
with a probability P (θ|σ(0)) depending on the initially
xed target struture. To illustrate this a bit further on-
sider a design step where learning is done just by thermal
equilibration. The probability distribution is then teh-
nially given by the anonial Boltzmann distribution
P (θ|σ(0)) =
1
Z
D
∑
S
exp
(
−β
D
H(σ(0), θ;S)
)
(2)
where the normalisation Z
D
is the usual anonial parti-
tion funtion. The design temperature β
D
ats as a La-
grange multiplier that xes the average energy, however,
the parameter β
D
may also be interpreted to desribe
more generally the onditions under whih the design has
been arried out. This rst design step is introdued to
mimi the design in biotehnologial appliations or the
proess of evolution in nature [33℄. Note that in some
studies of the protein folding problem [34, 35℄ and the
adsorption of polymers on strutured surfaes [36℄ a sim-
ilar design step has been inorporated.
In the seond step the reognition ability of the de-
signed probe ensemble of strutures θ is tested. To this
end the ensemble is brought into interation with both
the piked target struture σ(0) and a ompeting (dier-
ent) struture σ(1) at some inverse temperature β whih
in general is dierent from the design temperature β
D
.
The free energy of the probe system interating with the
struture σ(α), α = 0, 1, is then
F (α) =
∑
θ
F (θ|σ(α))P (θ|σ(0)) (3)
where F (θ|σ(α)) is the thermal free energy for the inter-
ation between σ(α) and a xed probe sequene θ and
an average over the strutures in the probe ensemble is
arried out. The free energy F (θ|σ(α)) is given by
F (θ|σ(α)) = −
1
β
ln
∑
S
exp
(
−βH(σ(α), θ;S)
)
. (4)
The target with the struture σ(0) at its reognition
site is reognised by the probe if the assoiated free en-
ergy F (0) is lower than the free energy F (1) for the in-
teration with the ompeting struture σ(1), i. e. in a
mixture of equally many σ(0) and σ(1) moleules the
probe moleules preferentially bind to the original tar-
get. This is signalled by a negative free energy dierene
∆F (σ(0), σ(1)) = F (0) − F (1). Thus the speiity of
the reognition proess is related to the dierene be-
tween the free energy of assoiation for the ompeting
moleules. For given strutures σ(0) and σ(1) one an
introdue a suitable measure Q for the strutural simi-
larity of the target and the rival biomoleule. Carrying
out an average over all target and rival strutures that are
ompatible with the speied similarity Q one an om-
pute the averaged free energy dierene of assoiation
∆F (Q) as a funtion of the similarity between the target
and the rival and therefore investigate the overall reog-
nition ability of the model (see setion III below for the
HP-model). Note that in our approah the mehanism
whih brings the two interating moleules, in partiular
the two reognition sites, into ontat is not taken into
aount, i. e., only equilibrium aspets are onsidered.
In priniple interations of the residues whih do not
belong to the reognition sites with solvent moleules
have to be onsidered as well. Solvation eets at the
reognition sites and the assoiated entropy hanges are
also important for the assoiation proess of biomoleules
[37, 38℄. In the oarse-grained model, however, it is as-
sumed that all these ontributions are of the same size for
all proteins under onsideration. Note also that solvation
eets are already partially ontained in HP-models. In
addition the entropi ontributions due to a redution of
the translational and rotational degrees of freedom upon
forming a omplex an be assumed to anel out in the
free energy dierene ∆F in a rst approximation. This
requires at least that the two ompeting proteins are of
omparable shape and size.
In this work we assume that the proteins have the
same number of residues at the interfae. However, many
protein-protein interfaes are urved with dierent num-
bers of residues on the two proteins [10℄. Nevertheless, we
expet our assumption not to be ruial within the above
simplied oarse-grained view, at least in a rst approx-
imation. As our model haraterises the residues only
with respet to their hydrophobiity one an partition
the interfae into N ontats and attribute hydrophobi-
ities to the pathes on the two proteins that ontribute
to a partiular ontat. Then one ends up again with
our Hamiltonian (1). For approahes where the residue
type is determined by additional features apart form hy-
drophobiity orrelations between neighbouring pathes
4might our so that our assumption may beome ques-
tionable.
III. APPLICATION TO A MODIFIED
HYDROPHOBIC-POLAR MODEL
The modied HP-model of the previous setion, an
again serve as an illustration of the two-state approah
for investigating moleular reognition proesses. As (1)
does not involve any interation between neighbouring
residues of the reognition site of a protein, the two-stage
approah an be worked out exatly.
a. Design by equilibration For the HP-model the de-
sign governed by thermal equilibration leads to the on-
ditional probability
P (θ|σ(0)) =
exp
(
εβ
D
2
∑
i
θiσ
(0)
i
)
(
2 cosh
(
εβ
D
2
))N (5)
of the struture θ at the reognition site of the probe
moleule. As mentioned in the previous setion the de-
sign temperature β
D
may be interpreted to haraterise
the onditions under whih the design has been arried
out. This an be illustrated using the present exam-
ple of the HP-model. In the HP-model the value of σi
or θi, respetively, basially speies the hydrophobi-
ity of the residue at position i. The total hydrophobi-
ity of the reognition site of the target moleule is then
H(0) =
∑
i σ
(0)
i . From relation (5) one an alulate the
average hydrophobiity 〈H
D
〉 of probe strutures:
〈H
D
〉 =
∑
k
∑
θ
θkP (θ|σ
(0)) = H(0) tanh
(
εβ
D
2
)
. (6)
Thus the Lagrange parameter β
D
an be used to x the
average hydrophobiity of the designed probe ensemble
whih is ahieved by ontrolling the supply of hydropho-
bi residues during the design proedure.
The probability distribution (5) for the designed stru-
tures θ expliitly depends on the struture σ(0) of the
reognition site of the xed target moleule. For the HP-
model a design under ideal onditions, i. e. 1/β
D
= 0, the
struture θ would simply be a opy of σ(0). However, for
non-ideal onditions with β
D
<∞ defets appear in the
design proedure and the obtained struture θ deviates
on average from σ(0). This deviation an be quantied
by the omplementarity parameter
K(θ, σ(0)) =
∑
i
θiσ
(0)
i . (7)
The possible values of K range from −N to N in even
steps. A value K(θ, σ(0)) lose to N means a high om-
plementarity and the interation of the probe struture
θ with σ(0) an lead to a large enough energy derease
so that a omplex an be formed. On the other hand
a value of K(θ, σ(0)) muh less than N signals a poor
math between the two reognition sites and therefore it
is unlikely that a omplex is stabilised.
The probability distribution P (θ|σ(0)) an be on-
verted to a distribution funtion for the omplementarity
leading to the probability
P (K) =
∑
θ
P (θ|σ(0))δK(θ,σ(0)),K (8)
=
(
N
1
2 (N +K)
) exp( εβD2 K)(
2 cosh
(
εβ
D
2
))N (9)
to have a omplementarity parameter K in the designed
ensemble. The quality of the design an now be mea-
sured by the average omplementarity of the designed
strutures θ whih is given by
〈K〉 =
∑
K
KP (K) = N tanh
(
εβ
D
2
)
(10)
for the modied HP-model. For large β
D
one gets a probe
ensemble whih is fairly omplementary to the xed tar-
get struture. Thus large values of β
D
orrespond to good
design onditions, an observation whih an already be
dedued from the interpretation of β
D
as an inverse tem-
perature. In the hydrophobiity interpretation disussed
above large values of β
D
signify omparable hydrophobi-
ities of the target and the probe moleule.
b. Reognition ability The reognition ability of the
probe moleules is tested by omparing the free energy
of assoiation with the target struture σ(0) and a om-
peting moleule with the struture σ(1) at its reognition
site. For the HP-model (1) with its two dierent types
of residues, one an introdue the similarity parameter
Q =
∑
i
σ
(0)
i σ
(1)
i . (11)
For Q lose to its maximum value N the ompeting
moleule has a reognition site that is almost idential
to the one of the target moleule. In terms of the simi-
larity parameter Q the free energy dierene is given by
∆F (Q) = −
1
2
εN tanh
(
εβ
D
2
)
(N −Q). (12)
The free energy dierene is always negative as soon as
the reognition site of the ompeting moleule is not iden-
tial to the one on the target moleule. In equilibrium
the probe moleule therefore binds preferentially to the
target moleule and thus the target moleule is spei-
ally reognised. The dierene in free energy inreases
for an dereasing similarity parameter Q. Note also that
the slope of the free energy dierene depends only on the
onditions under whih the design of the probe moleules
has been arried out.
5IV. ROLE OF COOPERATIVITY IN
MOLECULAR RECOGNITION
Cooperative eets play an essential role in many bio-
logial proesses suh as the atalysis of biohemial re-
ations by enzymes. Cooperativity is presumably also
very important for moleular reognition proesses [39℄.
In general ooperativity means that the binding strength
of two residues depends on the binding interations in
the neighbourhood of the two residues in ontat. Thus
the energeti properties of residues when interating with
other residues annot be inferred by onsidering them
isolated from the loal environment. This has impli-
itly been done, however, in the modied HP model (1)
where the interation onstant ε has been attributed to
the residue-residue interation independently of the or-
responding loal environment.
In this setion the modied HP-model of the preeed-
ing setion is extended to inorporate the eet of oop-
erative interations on moleular reognition. Note that
in referene [39℄ it has been argued that ooperativity
should be inorporated on a residue-spei level.
During the assoiation proess rearrangements of the
amino aid side hains are observed. Thus in the idealised
model applied in this work ooperative eets stem from
the behaviour of the variables Si. A possible extension
of the modied HP-model whih takes ooperative inter-
ations into aount is given by
H(σ, θ;S) = −ε
N∑
i=1
1 + Si
2
σiθi − J
∑
〈ij〉
SiSj . (13)
The rst sum desribes again the hydrophobi intera-
tion whereas the seond sum represents the additional
ooperative interation. It extends over the neighbour
positions of the residue at position i. For a xed i on a
square-lattie the sum inludes therefore four terms. The
interation oeient J is positive for ooperative inter-
ations and negative for anti-ooperative interations. To
get an impression of its eet onsider the design step.
Suppose that at position i one has a hydrophobi residue
on the target moleule. Then the rst term in the HP-
Hamiltonian (13) favours that a hydrophobi residue ad-
sorbs there with a good ontat Si = +1 on average.
Suppose now that on one of the neighbouring positions j
of i on the target one has again a hydrophobi residue. If
a hydrophobi residue gets adsorbed at the orrespond-
ing position of the probe struture a good ontat with
Sj = +1 is favoured by the hydrophobi interation term
in (13). But then the seond ooperative term leads to
an additional energy derease for J > 0. If on the other
hand a polar residue shows up at the position j on the
probe moleule the hydrophobi ontribution in (13) tries
to avoid a ontat, i. e. Sj = −1, on average, whih then
leads to an unfavourable energy inrease due to the oop-
erative term. The quality of a ontat thus ouples to the
quality of the ontats in the neighbourhood of a residue.
For a positive onstant J the ooperativity is therefore
expeted to enhane the t of the moleules at the inter-
fae resulting in an inreased average omplementarity
ompared to an interation without ooperativity. Sim-
ilarly, one expets an inrease in the reognition spei-
ity. In the subsequent paragraphs these suggestions
are investigated for ooperative interations.
Note that θi (and thus the produt σiθi) in Hamil-
tonian (13) is a random variable whose distribution is
obtained by the design step. The energy funtion (13)
desribes therefore a random eld Ising model. Contrary
to the models mostly investigated in the literature (e. g.
[40, 41℄) the distribution funtion of the random variable
σiθi is not symmetri with respet to a sign-reetion.
A. Limiting ase of dominant ooperativity
The ase where the ooperative ontribution to the
total energy dominates an be investigated analytially.
Consider the situation where J ≫ Nε. The ooperative
term −J
∑
〈ij〉 SiSj in the Hamiltonian (13) has disrete
energy levels−4NJ,−4(N−1)J, . . . ,+4NJ for a reogni-
tion site with a retangular geometry where eah residue
has four neighbours. The hydrophobi interation term
−ε
∑
i
1+Si
2 σiθi has also disrete levels ranging from−Nε
to +Nε. For the above assumption J ≫ Nε the global
rough struture of the spetrum of the Hamiltonian (13)
is basially determined by the ooperative ontributions.
The hydrophobi interation of the residues in ontat in-
trodues only small variations about the main energy lev-
els with two adjaent ones being separated by an amount
of 4J . For a small temperature, i. e. a large β, the statis-
tial behaviour is dominated by the twofold degenerate
lowest energy state of the ooperative interation term
with all Si being either in the state +1 or in the state
−1. Due to this redution of the phase spae of possible
S ongurations the two-stage approah an be worked
out analytially. The dominane of the ooperative term
leads to the new eetive Hamiltonian
H
J≫εN
∼ −
1 + s
2
ε
N∑
i=1
σiθi − 4NJ (14)
where the salar variable s an have the values ±1. The
design step now yields the probability distribution
P (θ|σ(0)) =
1 + exp
(
εβ
D
∑
i
θiσ
(0)
i
)
2N + (2 cosh (εβ
D
))N
(15)
for the struture of the reognition site of the probe
moleules. The orresponding distribution of the om-
plementarity between the strutures σ(0) and θ is
P (K) =
(
N
1
2 (N +K)
)
1 + exp (εβ
D
K)
2N + (2 cosh (εβ
D
))
N
. (16)
The distribution funtion for the omplementarity pa-
rameter K an again be used to alulate the average
6omplementarity of the designed moleules. For large N
(for whih the term 2N in the denominator of (16) an
be negleted as long as β
D
6= 0) one obtains
〈K〉
J≫εN
∼ N tanh (εβ
D
) . (17)
In the situation of a dominating ooperative interation
the average omplementarity is inreased ompared to
the ase where ooperativity is absent. This suggests
that values of the ooperativity interation onstant J
omparable to the size of the hydrophobi interation
onstant ε might also enhane the quality of the design
step. This question is investigated numerially in the
subsequent paragraph IVB.
In the seond step the designed probe ensemble inter-
ats with the hosen target struture σ(0) and a ompet-
itive one σ(1). The assoiated free energy averaged with
respet to the distribution of the strutures θ of the probe
moleules is in general given by
F (α) = −
1
β
∑
θ
ln
(
1 + exp
(
εβ
∑
i
θiσ
(α)
i
))
(18)
×
1 + exp
(
εβ
D
∑
i
θiσ
(0)
i
)
2N + (2 cosh (εβ
D
))
N
. (19)
In ase of a large number of residues N ≫ 1 again further
progress an be made analytially. Consider rst the free
energy of assoiation of the system with the xed target
struture. In this ase the sum over the possible stru-
tures of the designed probe moleules an be onverted
into a sum over the omplementarity parameter K:
F (0) = −
1
β
∑
K
ln (1 + exp(εβK))P (K). (20)
The dominant ontributions to this sum arise from the
values of K lose to the maximum of the distribution
P (K). For suitably large β
D
this maximum, however,
ours forK ∼ O(N) and thus it is large as well (ompare
relation (17)). Therefore, in the limit N ≫ 1 one an
use the replaements 1 + exp(β
D
εK) ≈ exp(β
D
εK) and
ln(1 + exp(βεK)) ≈ βεK. Using these approximations
the summation in (20) leads to
F (0)
N≫1
∼ −ε
∑
K
KP (K) = −ε 〈K〉
(17)
= −εN tanh(εβ
D
).
(21)
A similar onversion annot be applied to the summa-
tion over the designed moleules in the alulation of F (1)
as both θiσ
(0)
i and θiσ
(1)
i terms appear. Dening the aux-
iliary variables ki := θiσ
(0)
i and qi := σ
(0)
i σ
(1)
i and noting
that (σ
(α)
i )
2 = 1 the free energy F (1) is expliitly given
by
F (1) = −
1
β
∑
k
ln
(
1 + exp
(
εβ
∑
i
kiqi
))
(22)
×
1 + exp
(
εβ
D
∑
i
ki
)
2N + (2 cosh (εβ
D
))N
. (23)
The variable ki speies the loal omplementarity be-
tween the target σ(0) and a partiular probe struture θ.
Using again the observation that the dominant ontribu-
tions originate from values of large K =
∑
i ki one an
use again the replaement 1 + exp(β
D
εK) ≈ exp(β
D
εK).
The logarithmi fator in (22) gives large ontributions
if the majority of the qi variables is in state +1. Thus,
in the limit of Q =
∑
i qi ≫ 1 the sum in (22) an be
worked out and one obtains
F (1)
N,Q≫1
∼ −εQ tanh(εβ
D
). (24)
The free energy dierene in terms of the similarity Q of
the ompeting moleules σ(0) and σ(1) is now given by
∆F
N,Q≫1
∼ −ε tanh(εβ
D
)(N −Q) (25)
for positive and large Q. Again one has a linear depen-
dene in the viinity of Q = N . This an be ompared
to the orresponding result (12) for the situation with
J = 0. The ooperativity inreases the slope of the free
energy dierene and thus the reognition ability of the
designed probe ensemble is inreased by ooperativity.
In the limit Q =
∑
i qi ≪ −1, on the other hand,
almost all qi take on the value−1 and thus
∑
i kiqi is lose
to −N for those ki leading to the dominant ontributions
in (22). One therefore has
ln
(
1 + exp
(
εβ
∑
i
kiqi
))
N≫1,Q≪−1
∼ exp (−εβN)
(26)
for the logarithmi fator of the dominant terms in (22).
The free energy of assoiation of the probe moleules with
the rival moleule is thus F (1) ∼ O(e−N ) so that
∆F
N≫1,Q≪−1
∼ F (0) = −εN tanh(εβ
D
). (27)
In the limit Q ≪ −1 the free energy dierene is thus
independent of the similarity parameter Q between the
target struture and the rival struture.
For a similarity parameter |Q| ∼ O(1) one expets de-
viations form the behaviour for large |Q|. For the free
energy dierene per residue ∆F/N as a funtion of the
similarity per residue Q/N , however, the deviations show
up for similarities Q/N of the order of 1/N . The free en-
ergy dierene per residue will thus develop a kink at
Q/N = 0 in the asymptoti limit of N → ∞ so that
it is given by expression (25) for positive Q/N and by
relation (27) for negative Q/N . The range of values of
the similarity per residue where deviations between the
free energy for a system with nite N and the asymptoti
result show up is shrinking for inreasing N .
7B. Numerial results for arbitrary ooperativity
The above analysis of the limiting ase J ≫ Nε with a
dominant ooperative interation suggests that oopera-
tivity enhanes the quality of the design step and eventu-
ally inreases the reognition ability. In this setion this
suggestion is investigated more losely for ooperativity
onstants J whih are of the order of the interation on-
stant ε of the hydrophobi interation term in (13).
. Design. For non-zero, but nite values of J it is
not possible any more to solve the model analytially.
Therefore, the two-stage approah has to be arried out
numerially. To this end the density of states for the
design step is alulated as a funtion of the energy and
the omplementarity parameter for a xed ooperativity
J . The density of states is generally given by
ΩJ(K;E) =
∑
θ,s
δK,K(θ,σ(0))δE,H(θ,σ(0);S) (28)
for a xed target struture σ(0). The density of states
ΩJ(K;E) is thus the number of (θ, S) ongurations that
have energy E when interating with the target and a
omplementarity K of the probe moleule θ to the target
reognition site. In general the density of states depends
additionally on the onguration σ(0) of the reognition
site of the target moleule. However, for the HP-model
(13) the density of states has no expliit dependene on
σ(0) as the variables θi an be transformed to the aux-
iliary variables ki := σ
(0)
i θi, whih have the same phase
spae as θi, so that σ
(0)
does not appear any more.
The density of states an be alulated diretly using
eient Monte Carlo algorithms [42, 43, 44℄. In this work
the Wang-Landau algorithm has been applied. One the
density of states is known the probability distribution of
the omplementarity is basially obtained by alulating
the Laplae transform of ΩJ giving up to a normalisation
PJ (K;βD) ∼
∑
E
ΩJ(K,E) exp(−βDE). (29)
From this distribution funtion one an alulate the
average omplementarity 〈K〉 (J) =
∑
K PJ(K;βD)K
whih is shown in gure 1. The alulations have been
arried out for a square-lattie geometry with N = 256
residues. We have heked that the urves show only mi-
nor nite-size eets for reognition sites of realisti sizes
with N ∼ O(30) (see [28℄). The qualitative ndings dis-
ussed in the following are independent of the number
N of residues involved in the interfae. It is visible that
ooperativity inreases the average omplementarity of
the probe moleules for large enough values of β
D
. For a
parameter value of the order of εβ
D
≃ 1 a small hange
in the ooperativity J leads to a large dierene in the
average omplementarity. Therefore, small hanges in J
an have a large impat on the quality of the design step.
As the typial energy ε of a non-ovalent bond is of the
order of 1 kal/mole this regime orresponds indeed to
physiologial onditions.
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FIG. 1: Average omplementarity per site of the designed en-
semble for the HP-model (13) for dierent values of J . The
lower dashed urve orresponds to J = 0, the upper dashed
line represents the limiting ase J → ∞ (for large N). The
solid urves in between from the bottom up orrespond to the
values 0.1, 0.25, 0.5, 0.75 and 1.0 of J in units of ε. The dot-
ted urve shows the result for a system with additional next
nearest neighbour ooperativity with J
nnn
/ε = J
nn
/ε = 0.1.
The inset ompares the numerial results (solid lines) with the
mean eld ndings of setion IVC (irles) for ooperativities
0.25 and 0.5. The dashed urve orresponds again to J = 0.
The Hamiltonian (13) ontains a ooperative term
where the quality of the ontat ouples to the ontat
variable at the neighbouring sites. This limitation to
nearest neighbour interations an be relaxed by allow-
ing additional ouplings to sites that are further away.
As long as the range of the ooperative oupling is nite,
however, we expet, that the average omplementarity
〈K〉 is qualitatively similar as for the model (13). For the
system with nearest and next nearest neighbour intera-
tions (with the same onstant J) the ase of dominant o-
operativity an be treated as above (setion IVA) leading
to the same eetive Hamiltonian (14) with the irrelevant
onstant replaed by −8NJ . So the same limiting urves
for 〈K〉 as well as ∆F result. However, the additional in-
terations have the onsequene that the maximum eet
of ooperativity will already show up for smaller values of
J . This is shown in gure 1 for the model with additional
next nearest neighbour ooperativity.
Before analysing the reognition ability for J 6= 0 on-
sider briey the inuene of an anti-ooperative inter-
ation with J < 0 in Hamiltonian (13) on the average
omplementarity 〈K〉. From the disussion of the eet
of the ooperative term within the design step one may
expet that anti-ooperative interations should derease
〈K〉. For a probe moleule with a high omplementarity
to the target moleule all Si tend to be in state +1 to
ensure good ontats and thus a large energy derease
due to the hydrophobi interation. However, the anti-
ooperative term then leads to an energy inrease so that
the two ontributions to the Hamiltonian (13) ompete
with eah other. Two dierent regimes an now be ex-
peted. Large values of the parameter β
D
favour stru-
8tures θ that are highly omplementary to the target σ(0).
For 0 > J > −ε/8 the hydrophobi interation term is
dominant leading to a majority of good ontats Si = +1
and thus 〈K〉 is expeted to beome N for inreasing β
D
.
However, if J < −ε/8 the seond anti-ooperative term
dominates leading to an alternating struture of good and
bad ontats where the Si of two neighbouring positions
have dierent signs. Note that in suh a situation the
diret hydrophobi-polar interation ontributes a maxi-
mum favourable energy −ε/2 per site whereas the oop-
erative term gives the maximum ontribution 4J per site
giving the ross-over value J = −ε/8 for the onsidered
square geometry . For one half of the residues one there-
fore has preferably good ontats so that the residue on
the probe moleule is of the same type as the one on the
target moleule on average. For the other half of posi-
tions, however, one has bad ontats. For those positions
the hydrophobi interation term in (13) does not on-
tribute and the probabilities of the residue on θ to be
hydrophobi or polar at suh positions are equal. For
J < −ε/8 one thus expets that 〈K〉 tends to N/2 for
inreasing β
D
. These expetations are indeed onrmed
by numerial investigations as shown in gure 2.
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FIG. 2: Average omplementarity of the probe ensemble for
the anti-ooperative HP-model (13) with J < 0. The dashed
line represents J = 0, the solid urves from top to bottom
orrespond to the values -0.1, -0.2 and -0.5 of J in units of ε.
In the general disussion of the extended model (13)
it has been argued that the ooperative term will in-
rease the eetive ontribution of a residue-residue on-
tat at the interfae between the two biomoleules. To
get an impression of this inrease one an dene an ef-
fetive residue-residue interation onstant ε
e
(β
D
, J) :=
〈H(J)〉 / 〈H
HP
〉 by onsidering the average interation
energy of the probe ensemble with the target moleule
for dierent values of the ooperativity J . Figure 3 shows
that this eetive interation onstant is indeed inreased
by the ooperative term in the Hamiltonian (13).
d. Reognition ability. The knowledge of the density
of states allows the alulation of the reognition ability
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FIG. 3: Eetive interation onstant ε
e
as dened in the
main text as a funtion of the temperature for the model
(13). The solid urves orrespond to values 0.25, 0.5, 0.75
and 1.0 of J (in units of ε) from the bottom up.
quantied by the free energy dierene
∆F (Q) =
〈
δ
Q,
P
i σ
(0)
i σ
(1)
i
∆F (σ(0), σ(1))
〉
σ(0),σ(1)〈
δ
Q,
P
i σ
(0)
i σ
(1)
i
〉
σ(0),σ(1)
(30)
for the assoiation of probe moleules with the two stru-
tures σ(0) and σ(1). The results are shown in gure 4 for
dierent values of the J . For omparison the free en-
ergy dierene for the system with additional next near-
est neighbour ooperativity is shown as well. An inrease
in J inreases the free energy dierene and therefore the
reognition speiity of the probe moleules. For a value
of J of the order ε the maximum eet of ooperativity
has already been reahed for the onsidered temperature
values β
D
= β = 1.0. Thus, the expeted inrease of the
reognition ability by ooperativity for onstants J ≃ ε
is indeed onrmed by the numerial results.
To study the inuene of dierent ooperativities on
the reognition ability in a more diret way the follow-
ing approah an be adopted. The ooperativity already
inuenes the design step and optimises the probe ensem-
ble with respet to the original target struture as an be
seen by the dependene of 〈K〉 on the J . This better op-
timisation inuenes the testing step as well. In order to
investigate the pure inuene of the ooperative intera-
tion on the reognition ability more losely one an use
probe ensembles where the average omplementarity is
xed to some values K0 for dierent J . This an be done
by arrying out the design of the probe moleules at dif-
ferent design temperatures suh that 〈K〉 (β
D
, J) = K0.
The probability distributions obtained when this addi-
tional onstraint is applied are then used to alulated the
dierene of the free energy of assoiation of the probe
moleules with both the target and the rival moleule.
The results are shown in gure 5 for reognition sites
with N = 64 residues. Again it an be seen that an in-
rease in the ooperativity J inreases the free energy
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FIG. 4: Free energy dierene per site of the assoiation of
the probe ensemble with the two ompeting moleules as a
funtion of their similarity for dierent ooperativities J in
(13). The upper dashed line orresponds to J = 0. The
lower dashed line desribes the limiting ase J → ∞ in the
limit of large N (setion IVA). The solid urves from top
to bottom orrespond to the same values of J as in gure 1.
The dotted urve shows the result for a system with additional
next nearest neighbour ooperativity with J
nnn
/ε = J
nn
/ε =
0.1. The parameters β
D
and β are both 1.0.
dierene for a xed similarity Q/N between the target
and the rival biomoleule. The dashed lines in gure 5
represent the free energy dierene for J = 0 and for the
asymptoti regime J → ∞ with N ≫ 1. For large Q/N
and large J the free energy dierene is already well rep-
resented by the asymptoti result. For a ooperativity
J ≃ ε the maximum eet is thus already ahieved.
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FIG. 5: Free energy dierene as a funtion of the similarity
for dierent ooperativities J (with β = 1.0) where the probe
ensemble has been designed to have a xed 〈K〉 /N = 0.4.
The upper dashed lines orresponds to J = 0, the lower one
desribes the limiting ase J →∞ (and large N). The values
of J/ε in (13) are 0.25, 0.5, 0.75 and 1.0 for the solid urves
from top to bottom. For the dotted line J/ε = −1/2.
For the minimum similarity parameter Q = −N the
free energy dierene at xedK0 is independent of the o-
operativity J (ompare gure 5). To see this onsider the
xed struture σ(0) of the reognition site of the target.
As the similarity parameter Q is minimum, the ompet-
ing moleule has the struture σ(1) = −σ(0) at its reogni-
tion site. The free energy dierene of assoiation is then
given by ∆F (−N) = − 1
β
∑
θ PJ (θ|σ
(0))(lnZ(θ|σ(0)) −
lnZ(θ| − σ(0))). The partition funtion Z(θ|σ(1)) =
Z(θ|−σ(0)) related to the rival struture expliitly reads
Z(θ| − σ(0)) = e−
βε
2
P
i σ
(0)
i θi
(31)
×
∑
S
e
−βε
P
i
Si
2 σ
(0)
i θi+βJ
P
〈ij〉 SiSj
(32)
= e−βε
P
i σ
(0)
i θiZ(θ|σ(0)). (33)
where a transformation Si → −S˜i has been used for the
last equality. Note that the phase spae for S˜ is the same
as for the variable S. Thus the free energy dierene at
Q = −N is generally given by
∆F (Q = −N) = −ε
∑
K
PJ(K;βD)K = −ε 〈K〉 (J).
(34)
As the average 〈K〉 is xed to the value K0 for dierent
J the free energy dierene is the same for all J .
For the HP-model with pure hydrophobi interations
the free energy dierene is independent of the onditions
under whih the reognition ability is tested. It is only
determined by the design onditions (ompare relation
(12)). For the extended HP-model (13) with ooperative
interations this is no longer the ase. Apart from the
design onditions, enoded in the Lagrange parameter
β
D
, the free energy dierene depends on the β whih
speies the onditions for the testing step. In gure 6
the free energy dierene is shown for dierent values
of β. The ooperativity onstant is xed to be J/ε =
1/2, the design temperature β
D
is hosen to have 〈K〉 =
N/2. For inreasing parameters β the absolute value of
the free energy dierene is inreased. For the minimum
similarity Q = −N the free energy dierene beomes
independent of β. Its value at the minimum similarity is
only determined by the design onditions and is given by
∆F (Q = −N) = −ε 〈K〉 as has been shown above.
The independene of ∆F (Q = −N) of the testing tem-
perature β is a result of the symmetry of the underlying
model (13). This symmetry is broken by introduing a
eld like term −
∑
i γSi to the energy. It is expeted that
there is some bias towards good or bad ontats leading
to a suh an additional eld with γ 6= 0. For positive
elds γ the reognition ability is again expeted to be
inreased with respet to the situation where γ vanishes.
This is shown by the dotted lines in gure 6.
C. Mean eld theory for arbitrary ooperativity
After having analysed the inuene of the ooperative
terms in the previous paragraphs by means of an asymp-
toti analysis and Monte Carlo simulations we briey
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FIG. 6: Free energy dierene as a funtion of the similarity
for xed J/ε = 1/2 in (13) and dierent testing temperatures
β. The probe ensemble has been designed to have 〈K〉 /N =
0.5. The solid urves orrespond to the β = 0.5, 0.75, 1.0 and
1.25 from top to bottom. For the dashed urves β = 1.25 and
an additional eld γ has been applied, namely from top to
bottom γ/ε = 0.05, 0.1 and 0.15.
sketh how a mean-eld treatment an be arried out [45℄.
The disussion will be restrited to the determination of
the averaged omplementarity. As already mentioned the
variable σiθi ats as a random eld in (13) and therefore
tehniques from the theory of disordered systems have
to be applied in the mean eld treatment (see, for ex-
ample, [40, 41℄). Thus the auxiliary variable ki = θiσ
(0)
i
whih has been introdued in IVA and speies a om-
plementarity onguration k = (k1, . . . , kN ) is used in
the following. The mean-eld approah onsists of two
steps, namely an equivalent neighbour approximation of
the ooperative interation term and an asymptoti eval-
uation of the partition sum for large N . The equivalent
neighbour approximation of the Hamiltonian (13) reads
H
EN
= −
J
2N
(∑
i
Si
)2
− ε
∑
i
1 + Si
2
ki. (35)
We aim at a alulation of the averaged omplemen-
tarity K = 〈
∑
i ki〉 ontaining a thermal average with
respet to the interation variable S and an average
over the possible omplementarity ongurations k of the
probe moleules with respet to the target. The ther-
mal averaged leads to the distribution P (θ|σ(0)) of probe
moleules and thus to a distribution P (k) of the om-
plementarity onguration itself. Consider rst the ther-
mal average with respet to S. The variable x :=
∑
i Si
appears quadratially in (35). By introduing an ad-
ditional auxiliary variable y it an be linearised in the
argument of the Boltzmann fator in the partition sum
Z(k) =
∑
S exp(−βHEN) with the help of the identity
exp
( a
2N
x2
)
=
+∞∫
−∞
dy
√
Na
2pi
exp
(
−
Na
2
y2 + axy
)
,
(36)
often alled Hubbard-Stratonovih transformation in the
literature. Note that the distribution funtion P (k) of
the omplementarity onguration is determined by Z(k)
up to the normalisation. The summation over S an then
be arried out leading to
Z(k) ∼ exp
(
βε
2
∑
i
ki
) +∞∫
−∞
dy exp (A(y, k)) (37)
with
A(y, k) = −
βJN
2
y2 +
∑
i
ln cosh
(
βJy +
βε
2
ki
)
. (38)
In the asymptoti limit of large N the integration over
the auxiliary eld y in (37) an be arried out using the
Laplae method (e. g. [46, 47℄). This gives
Z(k) ∼ exp
(
βε
2
∑
i
ki +A(y0, k)
)
(39)
aside from irrelevant fators. The mean eld y0 is deter-
mined by the saddle point equation
y0 =
1
N
∑
i
tanh
(
βJy0 +
βε
2
ki
)
. (40)
Note that the mean eld expliitly depends on the loal
omplementarity onguration k. These two equations
an be used to arry out the ongurational average over
all k to obtain the averaged omplementarity 〈K〉 by not-
ing that a partiular onguration k ontains K(+) sites
with ki = +1 and K
(−)
ones with ki = −1. The par-
tition funtion Z (and thus the distribution funtion P )
as well as the mean eld y0 are therefore only funtions
of K(±). The mean eld y0(K
(+),K(−)), for example, is
then given by
y0 =
K(+)
N
tanh
(
βJy0 +
βε
2
)
+
K(−)
N
tanh
(
βJy0 −
βε
2
)
.
(41)
The average over k an thus be onverted to an av-
erage over (K(+),K(−)) so that the omplementarity
〈K〉 =
〈
K(+) −K(−)
〉
an by worked out using a om-
puter algebra program. The results are shown in the inset
of gure 1 together with the Monte Carlo ndings dis-
ussed in the previous paragraph. The mean eld urves
behave qualitatively similar as the Monte Carlo urves.
Using a similar deomposition of the similarity ong-
uration qi = σ
(0)
i σ
(1)
i between the target and the rival
struture into positive ontributions Q(+) and negative
ones Q(−) one an alulate the averaged free energy dif-
ferene ∆F (Q) (ompare relation (30)). The resulting
urves show again the same qualitative behaviour as the
results from the Monte Carlo simulations.
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V. COOPERATIVITY COUPLING TO RESIDUE
STRUCTURE
The importane of ooperativity in biologial situa-
tions was emphasised at the beginning of setion IV.
In Hamiltonian (13) an additional ooperative term has
been introdued whih, however, does not ouple to the
residue distributions on the reognition sites of the two
moleules in ontat. In general the additional oopera-
tive interation terms might also ouple to the strutures
σ and θ of the target and probe moleule, respetively.
One possible oupling is given by the Hamiltonian
H(σ, θ;S) = −
N∑
i=1
(
ε
1 + Si
2
+ J
∑
iδ
SiSiδ
)
σiθi. (42)
The sum in the seond term extends over the neighbour-
ing positions iδ of the position i on the interfae. Again
the ooperative term will lead to an additional energy
ontribution depending on how the side hains are rear-
ranged in the interfae. In ase of a favourable diret
energy ontribution from the hydrophobi interation at
site i desribed by the produt σiθi the ooperative term
rewards good ontats like in the Hamiltonian (13). How-
ever, in (13) two neighbouring bad ontats due to an
unfavourable hydrophobi-polar interation are also at-
tributed a favourable ooperative ontribution. This is
no longer the ase in Hamiltonian (42) as the sign of the
ooperative energy ontribution now depends on the sign
of the hydrophobi interation energy at position i on the
interfae. It is thus expeted that the ooperative terms
in (42) lead to a more favourable ooperative ontribution
than those in Hamiltonian (13). The ooperative terms
in the Hamiltonians (42) and (42) are only two possible
ways to take into aount ooperativity, orresponding
in our modelling to mutual interation of neighbouring
variables Si, other extensions are possible as well.
As already remarked the variable σiθi in (13) is ba-
sially a random eld the distribution of whih is de-
termined by the design step. The model (13) is thus a
random eld Ising model where the random eld σiθi
is asymmetrially distributed. In Hamiltonian (42) this
random variable now also ouples to the exhange on-
stant J of the interations between neighbouring vari-
ables Si and thus the exhange onstant also beomes
a random variable. The model (42) is thus an Edward-
Anderson-like model in a random eld with an asymmet-
rially distributed exhange onstant Jσiθi.
The two stage approah to obtain the reognition abil-
ity an now be arried out numerially for the model
(42) by alulating again density of states ΩJ (K;E) by
a Monte Carlo simulation. The results for the averaged
omplementarity of the probe moleules and the free en-
ergy dierene are depited in gure 7. One observes a
similar qualitative behaviour as the orresponding urves
for the model (13). Again, it is found that an inrease
of the parameter J inreases the quality of the design
step in the sense that the probe moleules are better op-
timised with respet to the target biomoleule indiated
by an inrease of 〈K〉 for higher values of J . Similarly,
the reognition ability measured by the free energy dier-
ene ∆F = F (0) − F (1) for a given similarity Q between
the target and the rival grows for inreasing J .
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FIG. 7: Averaged omplementarity of the probe ensemble de-
signed aording to the model (42). The dashed urve repre-
sents J = 0, for the solid urves J/ε = 0.2, 0.3 and 0.4 from
bottom up. For omparison, the dotted line depits the orre-
sponding urve for the model (13) with J/ε = 0.2. The inset
shows free energy dierenes as a funtion of the similarity Q
for the same set of parameters, where β
D
is hosen to have
〈K〉 /N = 0.4 (with β = 1.0 for eah urve).
VI. CONCLUSIONS AND OUTLOOK
We have presented oarse-grained models to study
properties of moleular reognition proesses between
rigid biomoleules. The development of the models has
been motivated by experimental investigations on the
biohemial struture of the interfae of protein om-
plexes. A two-stage approah ontaining a design of
probe moleules and a testing of their reognition ability
has been adopted. This approah has been used to inves-
tigate the role of ooperativity in moleular reognition.
The oarse-grained models apture the eets of ooper-
ativity on a residue spei level. The neessity of suh
an approah has been pointed out in the literature [39℄.
We have shown numerial results and ompared them to
analyti results obtained in the asymptoti limit where
ooperative interations dominate over diret hydropho-
bi interations between the residues and in the mean-
eld formulation of the models. It turned out that a
small ontribution due to ooperativity an already sub-
stantially inuene the reognition ability, orroborating
the suggestion that ooperativity has a onsiderable ef-
fet on the reognition speiity. Two possibilities to in-
lude ooperative interations have been expliitly anal-
ysed leading to similar qualitative results. We note in
passing that the proposed oarse-grained model an re-
produe qualitatively the experimental observation that
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in antigen-antibody omplexes, whih require a relatively
high binding exibility, a small number of strong non-
ovalent bonds aross the interfae seems to be favoured
ompared to a situation with many but rather weak
bonds. The details are published elsewhere [28℄.
The proposed approah to study moleular reognition
with oarse-grained lattie models an be extended in
various ways. Apart from working with rened models,
whih apture more details of the atual physial intera-
tions aross the interfae of the two biomoleules, the de-
sign step an be modied to mimi natural evolution in a
more realisti manner. The presented analysis onsidered
on the level of the target and the rival moleule is basi-
ally a single moleule approah, although the moleules
are desribed in a very oarse-grained way. The inu-
ene of the heterogeneity of the mixture of target and
rival moleules enountered in real physiologial situa-
tions as found in a ell, for example, an be inorporated
in our analysis. To this end ensembles of targets and
rivals diering in ertain properties as for example orre-
lations and length sales have to be onsidered. A reent
study indeed indiates that the loal small-sale stru-
ture related to the distribution of the hydrophobiity on
the reognition site of the biomoleules seems to play a
ruial role in moleular reognition [22℄.
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